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Abstract 
Towards developing a constitutive model for describing the flow and fracture behaviour of engineering materials under higher 
strain rates, studying the deformation fields in uniform and localized deformation regime using the high strain rate tensile tests is 
of technical importance. To this end, high strain rate tensile tests have been carried out on flat tensile specimen of reduced 
activation ferritic-martensitic (RAFM) steel at different loading rates varying from 5 m/s to 14 m/s. The strain fields at uniform 
and localized deformation regime have been mapped by Digital Image Correlation (DIC) technique. For carrying out the DIC, 
high speed images of the specimen surface have been captured in-situ by high speed camera, synchronized with the load-
displacement data acquisition system. The stress-strain fields thus obtained in this study would be an appropriate input to 
numerical analysis to characterize the flow and fracture behaviour of RAFM steels.   
 
© 2014 The Authors. Published by Elsevier Ltd. 
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1. Introduction 
 It is well established in literature that deformation and fracture properties of structural steels are often 
influenced by the factors like loading rate, state of stress and temperature. At room temperature for a fixed specimen 
geometry, high strain rate is expected to influence the deformation and fracture properties, and for strain rate 
sensitive materials like structural steels, the effect can be pronounced, often leading to failures. Conventionally the 
structural integrity analysis take into account the global loading situation as a quasi-static one [1], however the deep 
strain gradient and high strain rates existing near the local stress raisers are often ignored. Thus, it is important to 
© 2014 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/by-nc-nd/3.0/).
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incorporate the high strain rate scenarios in developing a constitutive model towards evaluating the structural 
integrity of a component. 
 The standard way of characterizing a material’s stress–strain response over a wide range of strain-rate 
could be uni-axial tension tests. The stress response in a tensile test can be divided in two parts, namely the uniform 
deformation domain and the necking deformation domain. The stresses and strains are estimated from the load and 
displacement measurements by implicitly assuming uniform deformation field only. Thus the data obtained through 
the stress–strain curve thereby has certain limitations in terms of its validity beyond the point of uniform 
deformation, where the strains start to localize by necking. Under these conditions, conventional strain 
measurements will not represent the true behaviour of the material and can only give an indication about an average 
strain. Further, in high strain-rate tension tests, the onset of necking seems to be a function of the loading rate [2]. 
Thus accurate local measurements of strain localisation are important in studies of dynamic tensile failure. In recent 
years, the digital image correlation (DIC) technique has been successfully used for full-field strain mapping 
applications in many research laboratories [3-6]. Theoretically, DIC can achieve good reliability and accuracy. For 
the strain mapping of the planar deformation and motion of a flat object, the errors in the global average strain and 
local strain variations are limited to 10-4 or less [7, 8]. It is an optical and noncontact measurement technique, which 
is based on a comparative analysis of digital images of the structural member captured at different deformation 
states. 
2.  Materials  
 In the present study RAFM steel is used, which is the chosen material for the first wall of the fusion reactor 
test blanket module in ITER, which is supposed to retain adequate mechanical properties under intense neutron 
irradiation (~14.1 MeV energy) and high thermo-mechanical loads during reactor operation [9-11]. The flow 
behaviour of this material under high strain rates is extremely important towards structural integrity of this 
component. In the present campaign, the high strain rate deformation and fracture behaviour of a RAFM steel has 
been studied by using high strain rate tensile tests backed by DIC technique. 
 RAFM steel has been received from MIDHANI, India as a 12 mm rolled plate with chemical composition 
given as: Cr-9.15, C-0.08, Mn-0.53, V-0.24, W-1.37, Ta-0.08, N-0.02, O-0.002, Ni - 0.004, S - 0.002, Co-0.003, Al-
0.004, B < 0.001, Si <0.026, Ti-<0.002, Nb <0.001, Mo < 0.002, Cu < 0.002, P < 0.002, Fe-Balnace. 
3. Experimental Procedure 
3.1 Specimen Preparation 
 A flat tension test specimens with guage length 25 mm, width 10 mm and thickness 2mm is used for 
experiments. The schematic diagram of the specimen is shown in the Figure 1. 
 
 
Figure 1: Specimen Geometry 
133 S.A. Krishnan et al. /  Procedia Engineering  86 ( 2014 )  131 – 138 
3.2 Test Machine and Specimen Arrangement 
 Tensile testing at different strain rate was performed using accelerated drop weight testing machine. The 
targeted strain rate range is 100 to 500 s-1. Strain rates were varied by changing the impact velocity of the striking 
mass. The machine has the capacity to apply the maximum velocity of 20 m/s. A Piezo-electric type load cell was 
used in the machine to measure the load. The displacement is measured using laser optical sensor mounted on 
machine frame. A schematic diagram of specimen and striker arrangement is shown in the Figure 2. A high speed 
camera integrated with data acquisition system is triggered to capture specimen images. 
 
Figure 2: Schematic diagram of specimen and striker arm arrangement in machine 
 
During testing, the images were acquired at the rate of 50000 fps (frames per second) with pixel resolution as 
320x240. These images have been analysed using DIC software to get strain field distribution. The correlation 
algorithm used to evaluate the strain field is based on principle of tracking the movements (translational and/or 
rotational) of pixels/patterns within images by comparing photographs of deformed specimens with that of an initial 
configuration. 
4. Results and Discussion 
 The tests were conducted at different loading rate varying from 5m/s to 14m/s. The load-displacement plot 
shows oscillations in load response for all loading rates, the amplitude of oscillations has been found to increase 
with loading rates. This has been taken care by averaging the amplitude of load between its maximum and minimum 
values based on experimental study carried out by Gang Huang [12]. In his study he has compared the load response 
of different load measuring devices such as strain gauge, piezo-electric washer and load cell during high strain rate 
testing. The averaging method adopted here is in line with load response of strain gauge used in his study. The 
average of maximum and minimum load in the oscillation part is plotted against the displacement corresponding to 
the peak value of the oscillations. The original load-displacement plot and typical averaged load-displacement plots 
for 10.33 m/s are shown in Figure 3. 
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Averaged load-displacement data for different loading rates are converted to true stress-strain curves [13] and are 
shown in Figure 4a. An average strain rate for each loading rate has been calculated by measuring total strain 
divided by total time to fracture. The loading rate vs. strain rate plot is shown in Figure 4b. 
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 In a tensile test with flat specimen, the sequence of events leading to failure takes place in three stages a) 
uniform deformation, b) diffuse necking and c) localized necking. The magnitude of instantaneous force response 
over cross-sectional area is affected by two factors 1) work hardening tends to increase the force and 2) the 
shrinkage of the cross-sectional area tends to decrease the force. When these two influencing factors reach a 
balance, diffuse necking starts and the peak force results. This diffuse necking continues until it is taken over by 
localized necking due to some material heterogeneity and leads to a biaxial stress state leading to reduction in 
thickness, which ultimately leads to ductile fracture [14, 15]. In the present study, the same sequence of events i.e. 
uniform deformation, diffuse necking and localized necking has been closely captured using a high speed camera. 
The sequence of images acquired during deformation to fracture is shown in the Figure 5 (a to d). 
Figure 3 Load vs. Displacement plot (loading rate 10.33 m/s) 
Figure 4a True stress vs True strain curve Figure 4b Strain rate vs Loading rate curve
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                        (a)                             (b)    (c)                         (d) 
Figure 5 Different stages during tensile test, (a) uniform deformation, (b) diffused necking, 
(c) Localized necking, (d) fracture 
2D DIC is used to assess the deformation strain field in the necking region. The specimen thickness is very small 
compared to width hence the deformation along the thickness is assumed to be negligible during uniform 
deformation and defused necking. The present study is limited only up to end of defused necking.  
 The true strain values obtained at different locations on the specimen from DIC analysis. Figure 6(a) and 
6(b) shows the true strain vs. time plot for marked locations (zone 1 to 6) for the strain rates 135s-1 and 380s-1. The 
zone-1 is in uniform deformation region and zone-6 is close to the fracture location of the specimen.  
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Figure 7 shows the variation of dynamic yield strength for different strain rates. The dynamic yield strength has 
been calculated from true stress-strain curve at 0.2% offset strain value. A log-log plot of yield stress vs. strain rate 
data are fitted to straight line as shown in the Figure 8. 
Figure 6a True strain vs Time curve at  
loading rate of 5 m/s
Figure 6b  True strain vs Time curve at  
loading rate of 13 m/s
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The strain rate sensitivity for power law hardening material is defined as 
 
 
 
The value of m is calculated as 0.17. 
 
Table1. Tension Test Result Data 
 
Loading rate 
(m/s) 
Total 
time 
(ms) 
Strain 
rate (s-
1) 
True 
uniform 
strain 
 
Yield 
stress 
(MPa) 
Uniform 
Elongation 
(%) 
Localized 
(Neck) 
elongation 
(%) 
Total 
Elongation 
(%) 
5 m/s 1.96 135 0.16 719 18 10 28 
8.5 m/s 1.25 200 0.19 781 20 12 32 
10.33 m/s 1.11 272 0.19 826 20 14 34 
12.92 m/s 0.83 380 0.16 855 18 16 34 
13.71 m/s 0.75 456 0.17 906 19 16 35 
 
 From the table 1, it is observed that the uniform elongation is not varying with the loading rate 
significantly. However for the localized (necked region) one, though marginal but a systematic increase in 
elongation can be noted. It is reasonable to argue that as compared to the uniform deformation, there would be a rise 
in the dislocation density under same stress level for the localized deformation. Thus the strain rate in the localized 
regime is expected to increase w.r.to the strain rate in the uniform regime as because the strain rate is directly 
proportional to the mobile dislocation density, burger vector and the average dislocation velocity [13]. This 
corroborates with rise in strain rate at the point of necking at all the loading rates as shown in Figure 6(a) and 6(b). 
This increase in strain rate in the localized regime as compared to the uniform regime can give rise to an adiabatic 
situation for the deformation induced heat generation which would raise the temperature in the localized domain. 
Figure 7  Dynamic Yield strength vs. strain rate Figure 8 Log-Log plot of yield strength vs. strain rate
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This effect would be more dominant with the increasing gross loading rate. This rise in temperature in the necked 
region can be a plausible reason for increasing the localized elongation as compared to the uniform deformation.  
 The yield stress values are increasing as the strain rate increases as expected for strain rate sensitive 
material. This effect can be explained by dislocation theory. Plastic strain rate increases with increase dislocation 
velocity with stress. To a metal, a high plastic strain rate needs a high dislocation velocity, consequently, a large 
stress; while total strain rate equals to the plastic strain rate when the metal is in fully yielded condition. Dislocations 
in a metal should move at different velocities to attain different strain rates while different dislocation velocities 
need different stresses. Consequently, this leads to strain rate effect, i.e. flow stress increasing with strain rate [16]. 
5. Conclusions  
1. High-speed photography is used for the dynamic tension tests to capture the inception and development of 
strain localisation. A full-field measuring system based on DIC was successfully applied to track the strain 
field from initial plasticity to diffused necking, and thus provided substantial information concerning the 
localisation and hence the ductile failure. The DIC is a simple and effective non contacting technique has 
been successfully applied during this experiment. 
2. The RAFM steel shows a high strain rate sensitivity of yield strength, estimated as 0.17.  
3. The strain rate in the necking region is much higher than global strain rate; the strain field distribution in the 
necking region has been thoroughly mapped. 
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